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Two types of glucose dehydrogenases harboring PQQ 
as their prosthetic group have been reported [1,2]. The 
first type is the membrane-bound glucose dehydrogenase 
(PQQGDH-A), which has been isolated from various 
Gram-negative bacteria including Escherichia coli, Aci- 
netobacter calcoaceticus, Pseudomonas sp., and acetic 
acid bacteria [3]. PQQGDH-As are all single peptides of 
approximately 87-kDa MW, containing one PQQ mol- 
ecule [4,5]. The physiological role of PQQGDH-A in 
bacteria is the terminal oxidation of glucose coupled 
with the respiratory chain via ubiquinone [6,7]. The 3-D 
structure of PQQGDH-A is predicted to be a P-pro- 
peller fold composed of eight W motifs, based on 
analogy with PQQ-harboring methanol dehydrogenase 
[8] and the result of CD spectroscopy of the enzyme in 
which the N-terminal membrane-spanning region had 
been deleted [9]. The N-terminal region is predicted to 
be a membrane-spanning anchor region [10]. Our groups 
have reported several site-directed mutagenesis studies 
on PQQGDH-A including the first report [11-21]. 

The second type of glucose dehydrogenase harboring 
PQQ is the water-soluble PQQGDH-B isolated from the 
genus A. calcoaceticus. PQQGDH-B does not share any 
obvious primary structure homology with other PQQ 
enzymes [22]. PQQGDH-B is a homodimeric, with each 
50-kDa monomer containing one PQQ molecule and 
three Ca^+ ions, two of which are located in the dimer 
interface and the third ion is bound near the PQQ 
[22-24]. PQQGDH-B is not coupled to the respiration 
chain of A. calcoaceticus and its physiological role re- 
mains to be elucidated. This enzyme catalyzes the oxi- 
dation of glucose, allose, 3-O-methyl-glucose as well as 



Corresponding authors. 
E-mail addresses: igarashi.satoshi@mms.go.jp (S. Igarashi), okuda. 
junko@nims.go.jp (J. Okuda), ikebu@cc.tuat.ac.jp (K. Ikebukuro), 
sode@cc.tuat.ac.jp (K. Sode). 



the disaccharides lactose, cellobiose, and maltose [25]. 
PQQGDH-B has a broader substrate specificity profile 
than PQQGDH-A. PQQGDH-B contains an N-termi- 
nal 24-amino acid signal peptide, which is excised after 
secretion to the periplasm. Although it has a (3-propeller 
structure similar to other quinoproteins, the PQQGDH- 
B |3-propeller fold is composed of only six W motifs [24]. 
PQQ resides in a deep, broad, positively charged cleft at 
the top of the propeller near the 6-fold pseudo-symme- 
try axis [26]. The active site of PQQGDH-B is composed 
of loops 1D2A, 2D3A, 3BC, 4D5A, and 6BC (see Table 
5 and Fig. 4). The reported substrate binding residues 
are located mainly on loops 1D2A, 2D3A, and 3BC [26]. 

PQQGDHs are the most industrially attractive 
among the several PQQ-harboring enzymes. PQQGDHs 
has now become the major enzyme used in sensor sys- 
tems for self-monitoring of blood glucose (SMBG).' 
Glucose oxidase (GOD) has been utilized as the most 
reliable and economic enzyme for glucose monitoring 
since the early biosensor development. However, GODs 
inherent requirement for oxygen as the electron acceptor 
limits its further application in the artificial electron 
mediator-based electrochemical enzyme sensor [27-29]. 
Focusing on PQQGDHs' independence on oxygen as 
electron acceptor, various glucose sensors employing 
PQQGDHs have been reported [30-38]. 

The merits of using PQQGDHs for glucose sensors 
include the following: (i) PQQGDHs show higher cat- 
alytic efliciency than GOD, thus enabUng rapid glucose 
sensing, (ii) Because PQQ is tightly bound to GDH, the 



' Abbreviations used: SMBG, self-monitoring of blood glucose; 
GOD, glucose oxidase; COM, continuous glucose monitoring; FIA, 
flow injection analysis; PMS, phenazine methosulfate; mPMS, 
l-methoxy-5-methylphenazinium methylsulfate; QH-EDH, quinohe- 
moprotein ethanol dehydrogenase; BOD, biUrubin oxidase; SNP, 
single nucleotide polymorphisms. 
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addition of extra co-factors, such as NAD(P), is not 
necessary, (iii) PQQGDHs do not utilize dissolve oxygen 
as electron acceptor during glucose oxidation, thus 
contributing to the accuracy of measurement of glucose 
in human blood. 

Principally because of these merits, PQQGDH-B- 
employing glucose sensors have already found their way 
onto the market. However, despite these superior fea- 
tures, further improvements of PQQGDHs enzymatic 
properties are required together with the recombinant 
production of PQQGDHs. This is particularly true 
when PQQGDHs are compared with GOD, which has 
better substrate specificity and operational stability. 

The authors' research group is the pioneer and the 
only group to have engaged in the protein engineering of 
PQQGDHs, which we have done to develop an ideal 
glucose sensor enzyme [25,39^3]. We also developed 
several novel methods for the efficient production of 
recombinant PQQGDH-B, including the use of Klebsi- 
ella and metabolically engineered E. coli as host micro- 
organisms [44], secretional production in yeast [45], and 
engineering the surface charge the enzyme to facilitate 
its preparation [46]. This review summarizes our current 
status of PQQGDH-B molecular engineering and their 
applications. 



PQQGDH-B engineering by site-directed mutagenesis 
studies 

Prior to the elucidation of the tertiary and quaternary 
structures of this enzyme, we had been carrying out 
protein engineering of PQQGDH-B to improve its en- 
zymatic properties, such as substrate specificity and 
stability. The various engineering approaches we fol- 
lowed also provided several basic information essential 
to understanding the enzyme mechanism of PQQGDH- 
B, which are summarized in this section. 

Catalytic center 

Since Oubrie et al. [24,26] elucidated the 3-D structure 
of PQQGDH-B, the amino acid residues making up the 
active site have also been proposed. Although His 168 
had been proposed to have a crucial role in the oxida- 
tion of glucose, no experimental evidence was available 
to support this. We constructed two His 168 mutants 
of PQQGDH-B, Hisl68Cys and Hisl68Gln, that 
showed drastically reduced ^at values (2.5 and 0.8 s"\ 
respectively) and increased K^^ values (193 mM and 
154 mM, respectively). The catalytic efficiencies (kc^t/Km) 
of Hisl68Cys (12.9 x lO'^ s"' mM'^) and Hisl68Gln 
(5.2 X 10^ s 1 mM 1) are 1 1,900- and 29,600-fold lower 
than that of the wild-type enzyme (154 s~' mM~'). Based 
on the 3-D structure of PQQGDH-B [26], Hisl68 was 
proposed to be positioned in the active center and func- 



53 

tion as a base catalyst in direct hydride transfer. The 
greatly decreased catalytic efficiencies resulting from 
mutation of His 168 are consistent with this residue play- 
ing a significant role in the oxidation of substrates. 

In addition to His 168, several residues that may be 
involved in the catalytic reaction and/or substrate 
binding have been found to be essential for the expres- 
sion of GDH activity. In the PQQGDH-B-glucose 
complex structure (PDB code: ICQl), hydrogen bonds 
have been identified between the glucose Ol atom and 
Arg252 as well as between the glucose 02 atom and 
GhilOO. Substitution of GlnlOO with Ala, Glu, Phe, Gly, 
Lys, Leu, Asn, or Ser as well as substitution of Arg252 
with Ala, Glu, Gly, His, Lys, or Gin both resulted in 
almost complete abolishment of activity. These results 
are consistent with the essential role of the two residues 
at the catalytic center. The residues directly interact with 
substrate are essential for enzyme activity, but both 
PQQ binding site and Ca^+ binding site are also inevi- 
table for enzyme activity. We have obtained the results 
of the decrease in enzyme activity by the introduction 
the mutations into these sites. 

Substrate specificity 

Improvement of the substrate specificity profile of 
PQQGDH-B is one of our ultimate goals of our protein 
engineering. Prior to the elucidation of the 3-D structure 
of PQQGDH-B, we initiated site-directed mutagenesis 
studies on PQQGDH-B based on the enzymatic prop- 
erties of random mutant generated by error-prone PCR 
[25]. We found that the substitution of Glu277 residue 
resulted in a drastic decrease in EDTA tolerance, which 
is used as an indicator of bivalent metal binding stabil- 
ity. Among the Glu277 variants we generated, Glu277- 
Lys showed similar enzymatic activity and thermal 
stability to the wild-type enzyme, but its catalytic effi- 
ciency (349s"'mM"') was approximately twice that of 
the wild-type enzyme (154 s"' mM"^) (Table 1). This 
mutant enzyme showed narrower substrate specificity 
than that of the wild-type enzyme (for maltose; 48-20%, 
maltotriose; 69-28%). 

According to the 3-D structure of PQQGDH-B, 
Glu277 is located on strand 4C, which is connected to 
loop4BC, one of the loop regions that create the en- 
zyme's cavity. Glu277 mainly interacts with Ca^+ ion 
(II) that is located at the dimer interface loop region. 
Therefore, the replacement of Glu277 with other amino 
acids may affect its dimer conformation. Furthermore, 
the neighboring amino acid residue, Asp275, apparently 
works as one of the residues connecting a water mole- 
cule to Ca^+ ion (III). Asp276 is part of the Ca^+ ion- 
binding site (I) that is located at an active site. In 
addition, Asn279 also contributes in connecting a 
water molecule to Ca^+ ion (III). Thus the region from 
Asp275 to Asn279 is a critical region related to all Ca^+ 
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Table 1 

Kinetic Parameters of PQQGDH-B Wild-Type and Glu277Lys 





WUd-type 






Glvi277Lys 






K,„ (mM) 


(s"') 


k^JK,„ (s"' mM"') 


K,„ (mM) 




k^JK,„ (s"' mM"') 




25.0 


3860 


154(100%) 


8.8 


3071 


349(100%) 


Allose 


35.5 


2509 


71(46%) 


21.0 


4563 


217(62%) 


3-0-methyl-glucose 


28.7 


3011 


105(68%) 


27.0 


3198 


118(34%) 


Galactose 


5.3 


232 


44(29%) 


6.8 


630 


92(26%) 


Lactose 


18.9 


1659 


88(57%) 


7.5 


1795 


239(68%) 


Maltose 


26.0 


1930 


74<48%) 


14.3 


1015 


71(20%) 


Cellobiose 


14.0 


1355 


97(63%) 


8.5 


1668 


196(56%) 


Maltotriose 


13.9 


1230 


88(69%) 


7.0 


671 


96(28%) 



ion-binding sites and the active site of PQQGDH-B. We 
can conclude that the decreased EDTA tolerance and 
thermal stabiUty are consistent with the location and 
function of these residues. 

In the C-terminal region of PQQGDH-A, the con- 
served amino acid residues His775 (in E. coli PQQGDH) 
and His781 (in A. calcoaceticus PQQGDH-A) were 
shown to be responsible for their substrate specificity 
profiles [14,17]. Although the primary structure of 
PQQGDH-B has little similarity to that of PQQGDH- 
As, the active site orientation in both enzymes is op- 
posite to where the C- and N-termini close the circular 
P-propeller structure. Based on this similarity, we as- 
sumed that residues with the same 3-D orientation 
would have the same afliect on substrate specificity of 
both PQQGDH-A and PQQGDH-B, thus making the 
C-terminus the region of interest. Moreover, according 
to structural information of the PQQGDH-B active site, 
the glucose substrate is located in a cavity composed of 
loops 1D2A, 2D3A, BBC, 4D5A, and 6BC, and interacts 
with amino acid residues located on loops 1D2A, 2D3A, 
and 3BC [26]. However, loop 6BC does not have amino 
add residues that interact directly with glucose. Viewing 
the active site structure, the putative interacting site to 
the non-reducing group of disaccharides is corresponded 
to the C-terminus of PQQGDH-B especially loop 6BC. 
Therefore, we introduced amino acid substitutions into 
this region to improve the substrate specificity profile. 
We constructed a series of mutants focusing on polar 
amino acid residues within the loop 6BC region. Among 
these mutants, we found that Asn452Thr showed a 



narrowed substrate specificity profile without a decrease 
in catalytic activity (Table 2) [41]. 

Based on the results from the Hisl68 mutants, sub- 
stitutions were carried out on the neighboring residues 
Lysl66, Aspl67, and Glnl69, in an attempt to alter the 
enzyme's substrate binding site. Lysl66 and Glnl69 
mutants showed only minor changes in substrate speci- 
ficity profiles. In sharp contrast, mutants of Asp 167 
showed considerably altered specificity profiles [43]. Of 
the numerous Aspl67 mutants characterized, As- 
pl67Glu showed the best substrate specificity profile, 
while retaining most of its catalytic activity for glucose 
and high stability. The activities of Aspl67Glu for the 
disaccharides lactose and maltose, relative to glucose, 
were decreased to 19 and 10%, respectively, compared to 
the wild-type relative activities of 57 and 48%, respec- 
tively (Table 3). 

To help explain the efiects of the replacement of 
Asp 167 to Glu, a structure prediction of oxidized 
PQQGDH-B-glucose complex was carried out using the 
molecular simulation software Molecular Operating En- 
vironment (MOE) (Chemical Computing Group, Que- 
bec, Canada). Based on the predicted structure, we 
performed molecular dynamics (MD) calculations from 0 
to 1 ns with CHARMM22 as a force field and extracted 
the candidates every 100 fs. Among the extracted struc- 
tures (10,000 candidates), we determined the structure 
having the lowest potential energy as a final structure 
(described in detail in [43]). In our constructed oxidized 
PQQGDH-B-glucose complex model (Fig. lA), Aspl67 
(wild-type) forms a hydrogen bond with the second 



Table 2 

Kinetic Parameters of PQQGDH-B Wild-type and Asn452Thr 





Wild-type 






Asn452Thr 








K,,, (mM) 


(s-') 


(s-'mM-') 


K,,, (mM) 




hJK,„ (S-' mM-') 


Glucose 


25.0 


3860 


154(100%) 


12.5 


1791 


143(100%) 


Allose 


35.5 


2509 


71(46%) 


38.7 


949 


25(17%) 


3-0-methyl-glucose 


28.7 


3011 


105(68%) 


27.6 


1253 


45(31%) 


Galactose 


5.3 


232 


44(29%) 


3.7 


72 


23(16%) 




18.9 


1659 


88(57%) 


33.6 


1038 


31(22%) 


Maltose 


26.0 


1930 


74(48%) 


46.5 


1002 


15(11%) 


Cellobiose 


14.0 


1355 


97(63%) 


14.0 


1060 


76(53%) 


Maltotriose 


13.9 


1230 


88(69%) 


12.6 


457 


36(25%) 
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Table 3 

Kinetic Parameters of PQQGDH-Bs for various substrates 





Wild-type 






Aspl67Glu 




Aspl67Glu/Asn452Thr 






K 














KJK,„ 




(mM) 


(5-') 


(s-' mM-') 


(mM) 


^-•) 


(s-' mM-') 


(mM) 


(s-') 


(s-' mM-') 


Glucose 


25.0 


3860 


154(100%) 


55.0 


1724 


31(100%) 


48.0 


1193 


25(100%) 




35.0 


2509 


71(45%) 


199.0 


558 


3(10%) 


182.0 


73 


0.4(2%) 


3-O-methyl-glucose 


28.7 


3011 


105(68%) 


99.0 


541 


6(19%) 


198.0 


215 


1.1(4%) 


Galactose 


5.3 


232 


44(29%) 








145.0 


89 


0.6(2%) 


Lactose 


18.9 


1659 


88(57%) 


77.0 


478 


6(19%) 


55.0 


167 


3(12%) 


Maltose 


26.0 


1930 


74(48%) 


156.0 


436 


3(10%) 


147.0 


65 


0.4(2%) 


Cellobiose 


14.0 


1355 


97(63%) 


17.0 


1073 


63(203%) 


16.0 


226 


14(56%) 


— , Not determined. 



^*QQ ' Guam 




Fig. 1. Predicted 



of the active sites of wild-type (A) and Aspl67Glu (B) PQQGDH-Bs. 



hydroxy! group of glucose (2.86 A). On the other hand, 
in Aspl67Glu-glucose complex model (Fig. IB), Glul67 
forms hydrogen bonds with the second (2.22 A) and 
third (3.02 A) hydroxyl groups of glucose without 
changing the environment of active site. Due to the 
formation of a new hydrogen bond between Glul67 and 
the third hydroxyl group, Aspl67Glu demonstrated 
lower reactivity toward allose and 3-(3-methyl-glucose. 
Aspl67Glu also consistently showed greatly reduced 
activities with lactose and maltose (Table 3). 

The Aspl67Glu and Asn452Thr mutations were then 
combined [41] to investigate the cumulative effect of the 
two mutations, which individually confer improved 
specificities. Comparison of the enzymes' substrate 
specificities showed that Aspl67Glu/Asn452Thr has a 
narrower specificity than both single mutations. The 
kca.t/Kai values of Aspl67Glu/Asn452Thr for lactose and 
maltose are 12 and 2%, respectively, of the value for 
glucose (Table 3). The catalytic activity of the double 
mutant (1193 s"') was comparable to that of the other 
PQQGDH-Bs, with a K^^ value for glucose of 48 mM. 



The cumulative effect of combining the Aspl67Glu and 
Asn452Thr mutations resulted in a PQQGDH-B with 
greatly narrowed substrate specificity, while retaining a 
large proportion of its original catalytic activity. 

Thermal stability 

The stabihty of PQQGDH-B is another feature that 
must be improved for its apphcation as a glucose sen- 
sor constituent. The resulting higher yield in active 
enzyme preparation would improve the cost-effective- 
ness of glucose sensor production using this enzyme. 
Furthermore, the recent trend of continuous blood 
glucose monitoring requires a glucose enzyme sensor 
capable of continuous operation for several days. Be- 
cause such sensor chips or electrodes are fabricated 
with the holo-form of PQQGDH-B for the users' 
convenience, we focused on evaluating the stability of 
holo-PQQGDH-B. 

Ser231Lys showed the highest thermal stability at 
55 °C without decreasing catalytic activity. The half-life 
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of thermal inactivation at 55 °C was 8-fold greater for 
Ser231Lys (40min) than for wild-type (5min) [39] 
(Fig. 2A, fiUed-squares) among Ser231 variants. Using 
the 3-D structure of PQQGDH-B, we performed a 
modeling analysis of Ser231Lys indicating that the re- 
placement of Ser231 with Lys significantly increased the 
hydrophobicity of loop 3CD. This observation sug- 
gested that the increase in hydrophobic interaction 
strengthened the packing of the W motif and/or P-pro- 
peller structure. Furthermore, considering the location 




0£ 

° 0 10 20 30 40 50 60 
Heat treatment time (min) 




Heat treatment time (min) 

Fig. 2. Thermal stability of engineered PQQGDH-Bs (A) Thermal 
stability of engineered PQQGDH-B Ser231Lys (■) and Ser415Cys (O) 
at SS°C: O, Ser41SCys; ■, Ser231Lys; and •, wild-type. (B) Thermal 
stability of tethered PQQGDH-B at 55 °C: O, tethered PQQGDH-B; 
and •, wild-type. 



of Ser231 at the bottom of the P-propeller structure, 
replacement of this residue was not expected to signifi- 
cantly alfect the catalytic properties of this enzyme. 

Assuming that the first step of heat inactivation of 
PQQGDH-B is dimer dissociation, the stabilization of 
quaternary structure would be expected to increase the 
enzyme's thermal stabihty. Therefore, to decrease the 
chance of dissociation of PQQGDH-B subunits, we at- 
tempted to create (1) chemically cross-linked PQQGDH- 
B using glutaraldehyde [34], (2) genetically fused 
PQQGDH-B by the in-frame gene fusion technique [40], 
and (3) Ser415Cys, which forms a disulfide bond at its 
dimer interface [42]. Here, we present our efforts in sta- 
bilizing PQQGDH-B quaternary structures by protein 
engineering (Table 4). 

Chemically linked PQQGDH-B (mixture of cross- 
linking status) showed higher thermal stabihty than wild- 
type enzyme; the half-life at 55 °C is 63 min whereas that 
of native enzyme is 5 min [34]. A tethered PQQGDH-B 
was constructed using the linker peptide Glu-Leu- 
Gly-Thr-Arg-Gly-Ser-Ser-Arg-Val-Asp-Leu-Gln, derived 
from the P-galactosidase gene in the pTrc99A expression 
vector. This enzyme shows enhanced thermal stability 
(17-min half-life at 55 °C) over the wild-type enzyme 
(5 min) expressed in E. coli (Fig. 2B) [40]. The V^aax. value 
of tethered PQQGDH-B is 897 U/mg protein with 10- 
40% of the catalytic activity of the native enzyme. The 
presence of the linker region prevents complete dissoci- 
ation of the subunits, thus decreasing the entropy of 
denaturation with a concomitant increase in the thermal 
stability. However, the length and flexibility of the linker 
peptide should be further optimized to construct a 
thermostable tethered enzyme with appropriate catalytic 
activity. 

Although the stabilization of quaternary structure of 
PQQGDH-B by chemical modification [34] or tethering 
with linker peptide [40] improves the thermal stability 
of PQQGDH-B, these modifications resulted in a de- 
crease in catalytic activity. We therefore attempted to 
introduce a disulfide bond at the dimer interface of 
PQQGDH-B to covalently link the two subunits and 
stabilize the quaternary structure [42]. Searching for 
residues at the interface that are not associated with the 
active site but face each other, we identified Ser415, 
which is located in loopSCD. The distance between each 



Comparison of the enzymatic properties of engineere 


d PQQGDH-Bs 










Half-life time at 55 °C 


Specific activity 


K„, (mM) 


Catalytic eflSciency 


References 






(Umg-') 




(Umg-' mM"') 




Wild-type 


5 


4610 


25 


184 


[39] 


Ser231Lys 


40 


3313 


27 


123 


[39] 


Cross-linking 


63" 


389 


20 


19.5 


[34] 


Tethered 


16 


897 


20 


45 


[40] 


Ser415Cys 


183 


4134 


16 


258 


[42] 



" Mixture of cross-linking status. 
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Ser415 side chain is 6.12A (Oy-Oy), indicating that a 
disulfide bond may be formed after substitution to a Cys 
residue. Ser415Cys shows 36-times higher thermal sta- 
biUty at 55 °C than wild-type (half-Hfe: 1 83 min vs. 5 min) 
without any decrease in catalytic activity (icat 3461 s^) 
(Fig. 2A, open circles) [42]. Moreover, Ser415Cys retains 
over 90% of GDH activity after incubation at 70 °C for 
10 min. Disulfide bond formation between the subunits 
was confirmed by SDS-PAGE in the presence and ab- 
sence of reducing agents. By linking the two subunits 
with a disulfide bond, the thermal stability of PQQGDH- 
B was greatly improved. Ser415Cys shows about 4-times 
higher thermal stability than Ser231Lys at 55 °C 
(Fig. 2A). 

Such a high thermal stabihty, such as that achieved 
with Ser415Cys, may enable us to easily prepare enzyme 
and sensors with little loss of enzyme activity. Our 
achievement may also extend the use of PQQGDH-B to 
continuous glucose monitoring (CGM) systems, cur- 
rently the focus of great attention. The thermal stability 
of Ser415Cys is higher than that of GOD, thus elimi- 
nating an important barrier to its use in CGM systems. 
Ser41SCys can therefore be used in CGM systems, po- 
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tentially leading to the development of a more accurate 
and durable sensor system. 

Heterodimeric PQQGDH-B 

PQQGDH-B is a homodimeric enzyme composed of 
50-kDa subunits with W6-bladed P-propeller structures 
[24]. Although an active site is located in the center of 
each propeller structure, the dimeric status is essential 
for GDH activity. Considering the quaternary structure 
of PQQGDH-B, the mutations had been introduced at 
identical positions in each subunit. Therefore, the ob- 
served altered enzymatic properties from single amino 
acid substitutions were the result of the sum of two 
mutations per homodimeric enzyme. We therefore, de- 
veloped a novel strategy for the construction of "hete- 
rodimeric" PQQGDH-B, of which each subunit harbors 
a different mutation, as depicted in Fig. 3. 

We previously reported Arg-tailed PQQGDH-B 
showing a different behavior during chromatography as 
a result of the additional positive charge [46]. Combin- 
ing this technique with the dissociation/re-dimerization 
procedure, we developed a method for construction of 



I dGB/ % 



Mutant A I " \ Mutant s 



Mutant AMrg4 



Express! on i n E.coli 
and purification 



Dissociation by heat 
treatment at 55*C 
and re-dimerizatton 



Sepwadon by 

cation exchaige colwmn 




Fig. 3. Preparation of heterodimeric PQQGDH-B from parental homodimeric PQQGDH-B mutants. 
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heterodimeric soluble PQQGDH-B. By adding an Arg- 
tail at the C-terminus and mixing with unmodified 
PQQGDH-B, a heterodimeric enzyme harboring only 
one Arg-tail is created following the dissociation/re-di- 
merization procedure. This heterodimeric enzyme can be 
separated by cation exchange chromatography from 
homodimers composed of two Arg-tailed subunits and 
non-tailed subunits. 

We first attempted to construct a heterodimeric 
PQQGDH-B composed of native and inactive mutant 
subunits. This was achieved by combining Arg-tailed 
wild-type PQQGDH-B (4000 s"!) with the Hisl68Gln 
mutant, which showed drastically decreased catalytic 
activity (0.8 s"^) [43]. Three peaks showing GDH ac- 
tivity were obtained from cation exchange chromatog- 
raphy of the re-dimerized mixture. The middle peak was 
determined to be heterodimeric wild-type-Hisl68Gln 
based on several control experiments. The heterodimeric 
wild-type-Hisl68Gln showed only slightly decreased 
GDH activity (per wild-type subunit) and similar sub- 
strate specificity profile to wild-type an equimolar mix- 
ture of wild-type and Hisl68Gln. However, a Hill 
coefficient of 1.13 for the heterodimeric wild-type- 
Hisl68Gln indicates positive cooperativity. 

We are currently constructing several heterodimers 
with mutant PQQGDH-Bs showing improved substrate 
specificity compared with wild-type. These quite unique 
properties of the resulting heterodimers may lead to 
further understanding of the mechanism of this enzyme. 



Region responsible for enzyme function 

In this section, we summarized the region responsible 
for the functions by the combination of our results with 
structural information (Table 5 and Fig. 4). 

According to 3-D structures, the first hydroxyl group 
on glucose is recognized by Hisl68, Glnl92, and Arg252 
[26]. Mutations at Hisl68 showed drastic decreases in 
catalytic activity and catalytic efficiency [43]. Similarly, 
Gin 192 and Arg252 variants also demonstrated de- 
creased catalytic activity and decreased affinity to sub- 
strate. Therefore, recognition of the first hydroxyl group 
of glucose by the three residues (His 168, Gin 192, and 
Arg252) is essential for its high catalytic activity and 
catalytic efficiency. 

Gin 100 and Asp 167 are located in proximity to the 
second hydroxyl group of glucose. Most of the 13 
Asp 167 mutants we constructed and characterized 
showed similar reactivity towards 2-deoxy-glucose and 
mannose [43]. In contrast, all our Gin 100 variants 
showed increased reactivity to mannose. These results 
indicate that the second hydroxyl group is recognized by 
GlnlOO. This also suggests that GlnlOO can distinguish 
between glucose and mannose. 

The broad substrate specificity profile of PQQGDH- 
B reflects the absence of residues recognizing the third, 
fourth, and sixth hydroxyl groups of glucose. According 
to the enzyme-substrate complex structure, Tyr367 is 
the nearest residue to the fourth hydroxyl group [26]. 



Table 5 

Impact of mutagenesis 





Residues 


Interaction 
with 


Imapact of mutagenesis 


Corresponding 
region 


LooplDlA 


GlnlOO 


Glc02 


Increase in reactivity for mannose, 3-0-methyl-glucose 


Region 1 








and cellobiose 




Loop2D3A 


Aspl67 


Glc02 


Decrease in reactivity to allose, 3-0-methyl-glucose, 


Region 2 








lactose and maltose 






Hisl6S 


GlcOl 


Drastic decrease in catalytic ciSciency 


Region 2 


Loop3BC 


GInl92 


GlcOl 


Improved substrate specificity but decrease in catalytic 


Region 2 








activity 




Loop3D4A 


Arg252 


GlcOl 


Decrease in catalytic activity 


Region 3 


Loop4BC-4C strand 


Asp275 


Ca'+ (III) 


Decreased EDTA tolerance 


Region 3 




Asp276 


Ca^+ (I) 


Decreased EDTA tolerance 


Region 3 




Glu277 


Ca^+ (II) 


Improved catalytic efBciency 


Region 3 




lle278 


None (?) 


Decreased Km value for glucose and enhanced thermal 


Region 3 








stability 






Asn279 


Ca'+ (in) 


Decreased thermal stability 


Region 3 


Loop4DSA 


Tyr367 


Glc 04, 


No change in substrate specificity profile 








Lys401, 










Asn4S2 






LoopSBC 


Lys401 


Tyr367 


Variable value (19-232 mM) and broader substrate 
speciflcity 


Region 4 


Loop6BC 


Asn452 


Tyr367 


Lower reactivity for lactose and maltose without 


Region 4 








decrease in catalytic efiSdency 





5. Igarashi et al. I Archives of Biochemistry and Biophysics 428 (2004) 52-63 

To. next W motif {W„,} 

Loop !iCi(n+1)A 




region ivith impact of mutagenes 
S :Ca^ (0 # -.Ca^- {li} ^sf? :Ca'' {lii; 
: locjjs constructing th« cavity 
I : <x-h6lix 



Fig. 4. Secondary structure of topology of PQQGDH-B and regions with impact of mutagenesis. 



However, our attempts to substitute Tyr367 failed to 
alter substrate specificity. According to the 3-D struc- 
ture, Tyr367 interacts with Lys401 and Asn452 on 
loop6BC. Asn452 variants showed improved substrate 
specificity, especially a lower reactivity towards lactose 
and maltose. We predicted the lack of hydrogen bond 
between Tyr367 and Asn452 by any substitutions [41]. 
Therefore, the side chain position of Tyr367 facing the 
fourth hydroxyl group of glucose may cause steric hin- 
drance preventing lactose to enter the cavity. In con- 
trast, Lys401 mutants showed broader substrate 
specificity compared with wild-type (unpubhshed data), 
with values varying considerably (from 19 to 
232 mM). Although substitution of Tyr367 did not affect 
the substrate specificity profile, substitutions of Lys401 
and Asn452 have the significantly effects. These implied 
that the analysis of the network near Tyr367 might be 
important. 

As already described, mutation of the Ca^+-binding 
residues Glu277, Asp275, Asp276, and Asn279 affects 
catalytic activity, substrate specificity, thermal stabihty, 
and EDTA tolerance [25]. Because these residues are 
located near the active site and dimer interface, they are 
related to both the active-site formation of dimerization. 

Our results described in this review may serve as a 
guide in further engineering of PQQGDH-B. Moreover, 
they will give effective information about unknown 
properties on PQQGDH-B such as reaction mechanism, 
substrate inhibition, and negative cooperativity. 



Application of engineered PQQGDHs 

The molecular engineering of PQQGDH is aimed at 
the development of an ideal enzyme for glucose sensing. 
The construction of stable PQQGDH enabled us to 



expand the application of PQQGDH not only for the 
disposable (finger-stick) type sensors, but also for flow 
injection analysis (FIA) systems as well as the newly 
important continuous glucose monitoring systems. In 
addition to the improvement of stability and substrate 
specificity of PQQGDH, further improvements of elec- 
tron transfer with electron mediators and electrodes are 
also expected. Considering the high catalytic efficiency 
of PQQGDH and the simple methods and devices to 
electrochemically detect its activity encouraged us to 
investigate other useful applications of this enzyme. In 
this section, we summarize the possible applications of 
engineered glucose dehydrogenases for glucose sensing, 
biofuel cell systems, as well as an enzyme probe for 
electrochemical DNA sensors. 

Glucose sensors based on engineered PQQGDH-Bs 

As Ser231Lys showed significantly increased thermal 
stability while retaining almost identical catalytic ac- 
tivity as the wild-type enzyme, we applied the mutant 
to the construction of a glucose enzyme sensor with 
increased operational stability. The resulting glucose 
sensor showed extremely high stabihty, retaining over 
80% of its initial activity after incubation at 60 °C for 
2h [34]. In contrast, an electrode constructed with 
native PQQGDH-B retained only 30% of its initial 
activity. 

Chemical modification has been widely utilized to in- 
crease enzyme stability, although cross-linking often re- 
sults in a decrease in catalytic efficiency. However, since 
PQQGDH-B loses its activity upon dissociation of its 
quaternary structure (Fig. 2), chemical cross-linking 
modification was expected to help stabilize the enzyme. 
We constructed an FIA system for glucose measurement 
by immobilizing glutaraldehyde cross-linked PQQGDH-B 
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onto an electrode. The cross-linked PQQGDH-B had 
high thermal stabihty, with a half-hfe at 55 °C of 63 min, 
whereas that of the native enzyme was 5 min. The result- 
ing FIA system employing cross-linked PQQGDH-B 
showed high operational stability with very stable re- 
sponse to glucose injection [34]. 

For each sensor system, the sensor signal is also 
greatly dependent on the type of mediator employed due 
to the preference of this enzyme toward artificial electron 
mediators [30,47,48]. For example, PQQGDH shows 
high catalytic current when phenazine methosulfate 
(PMS) or ruthenium complex was utilized as the medi- 
ator. However, PQQGDH does not efficiently utilize 
potassium ferricyanide, a stable and cost effective medi- 
ator used in a large number of electrochemical sensors. 
The further improvement of mediator preference of 
PQQGDH is therefore required. To improve mediator- 
dependent sensor signal, we focused on the application 
of electron transfer proteins, cytochromes, as interface 
molecules to faciUtate the electron transfer from enzyme 
to artificial electron mediator. We used cytochrome c and 
cytochrome bs^i for the sensor signal improvement of 
glucose enzyme sensors employing PQQGDH. When 
sensors were operated using either potassium ferricya- 
nide or l-methoxy-5-methylphenazinium methylsulfate 
(mPMS) as the artificial electron mediator, the response 
was over 30-fold greater with the co-immobilization of 
either cytochrome c (cyt c) or cytochrome (cyt 
than with PQQGDH-B alone [35]. The impact of the 
cytochrome co-immobilization was dependent on the 
amount of cytochrome, indicating that these cyto- 
chromes facilitated the electron transfer from the 
PQQGDH redox center to the artificial electron media- 
tors used in the sensor systems. These results suggest the 
future appUcation of cytochromes as an essential com- 
ponent for the improvement of sensor response in the 
redox enzyme-based amperometric sensors. 

Considering the recent trend in the development of 
implantable enzyme sensors, such as for continuous 
glucose monitoring, mediatorless or direct electron 
transfer enzyme sensors are preferable to the utilization 
of low molecular weight artificial electron mediators. 
Continuous glucose monitoring is expected to become 
an ideal way to monitor glycemic levels in diabetic pa- 
tients. However, due to a number of limitations of 
PQQGDH, the conventionally utilized GOD remains 
the preferred enzyme for CGM. Two major problems 
that arose in the application of PQQGDH for CGM 
are the poor stability and its requirement for artificial 
electron acceptors for electrochemical measurement. 
In most oxidoreductases, including PQQGDH, the 
prosthetic group is buried deeply within the protein 
shell. Direct electrochemical recycling of the enzyme's 
prosthetic group at the electrode surface, leading to a 
corresponding current signal, is therefore rarely en- 
countered. One possible solution to these problems is to 



use redox polymers such as Os complex-modified poly- 
pyrrole polymer, as demonstrated with a reagentless 
glucose sensor employing PQQGDH-A from Erwinia 
sp. 34-1 [49]. 

Because toxic chemicals such as Os should be avoided 
in implantable enzyme sensors, we applied an engineered 
PQQGDH-B with cyt bsei as electron acceptor. We 
constructed a PQQGDH-B electrode co-immobilized 
with cyt 6562 and investigated the electrochemical prop- 
erties without synthetic electron mediators. PQQGDH- 
B/cyt ^562 electrode responded well to glucose, whereas 
no current increase was observed from the electrode 
immobilizing enzyme alone [36]. The engineered 
PQQGDH-B Ser415Cys, which has a far superior ther- 
mal stability over the wild-type enzyme (Fig. 2A) [42], 
was applied for the construction of CGM system. As a 
result, the operational stability of CGM system em- 
ploying Ser415Cys co-immobilized with cyt 6552 was far 
superior to that of the wild-type enzyme-based electrode, 
with more than 60% of the initial response observed 
after 72 h at 37 °C [38]. We have achieved the construc- 
tion of a synthetic mediator-free PQQGDH-based CGM 
system. 

We extended the above idea by genetically fusing 
PQQGDH-B to cytochrome to enable electron transfer 
to the electrode in the absence of artificial electron me- 
diator. The fusion protein mimics the domain structure 
of the quinohemoprotein ethanol dehydrogenase (QH- 
EDH) from Comamonas testosteroni, which contains an 
additional heme c prosthetic group together with PQQ 
(Fig. 5). The fusion of the cytochrome c domain of QH- 
EDH to the C-terminus of PQQGDH-B showed not 
only intra-molecular electron transfer, between PQQ 
and heme of the cytochrome c domain, but also electron 
transfer from heme to the electrode [37]. The fusion 
protein thus allows the construction of a direct electron 
transfer-type glucose sensor, enabling us to construct a 
continuous glucose monitoring system using engineered 
QH-GDH. 

Other applications of engineered PQQGDH-B; biofuel 
cells and DNA sensors 

Biofuel cell systems utilize biocatalysts, such as en- 
zymes and microorganisms, as the anodic electrocata- 
lysts, instead of transition metal catalysts utilized in 
conventional fuel cell systems. Several organic com- 
pounds can be utilized in biofuel cells, such as biomass 
sugars and alcohols. A more efficient energy conversion 
can theoretically be achieved with biofuel cells than with 
transition metal-based fuel cells. A recent trend in the 
development of biofuel cell has been in the use of glu- 
cose as the fuel to be oxidized by GOD at the bioanode, 
combined with an appropriate biocathode employing 
several dioxygen reducing enzymes [50-54]. PQQGDH's 
insensitivity to oxygen makes it a favorable enzyme for 
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PQQGDH 

QH>GDH QH-EDH 

Fig. 5. Construction of QH-GDH. 



the bioanode. Ikeda and co-workers [55,56] reported 
biofuel cells employing PQQGDH and NAD-dependent 
GDH instead of GOD. However, the application of 
PQQGDH for the bioanode is inherently limited be- 
cause of its instability. We, therefore, constructed a 
glucose biofuel cell system employing at the anode the 
Ser415Cys mutant of PQQGDH-B, whose stability was 
greatly improved by protein engineering [42], and bili- 
rubin oxidase (BOD) at the cathode. The lifetime of the 
resulting biofuel cell system employing engineered 
Ser415Cys PQQGDH-B was greatly extended compared 
with that employing wild-type PQQGDH-B [38]. 

DNA sensing has become a very powerful tool for 
diagnosis, detection of the toxic microorganisms in 
food or the environment, and in fundamental molecu- 
lar biology research. An electrochemical DNA sensing 
system would be a very promising tool since it only 
requires an electrode and an electrochemical analysis 
system, resulting in a simple detection system. Many 
types of electrochemical DNA sensors using DNA- 
immobilized electrodes have been developed [57-59], 
most of which are based on the detection of hybrid- 
ization. Some reported examples include the use of 
redox intercalators to recognize double stranded DNA 
[60,61], DNA detection via a DNA-mediated electron 
transfer to the electrode using mediators [62-64], and 
the use of ferrocene-labeled ohgonucleotide probes that 
hybridize to DNA immobilized on the electrode [65]. 
To improve the sensitivity, enzyme labels have been 
used for the detection of hybridization since they can 
dramatically amplify the signal. PQQGDH-B seemed 
to be a promising candidate as a labeling enzyme since 
it uses glucose as a substrate. The O2 insensitivity and 
high catalytic activity of PQQGDH-B make it a very 
suitable label [66]. Moreover, PQQGDH-B activity can 
be measured amperometrically, which is the most fre- 
quently used method in routine electrochemical detec- 
tion systems because of its simpUdty. An amperometric 
DNA sensor using PQQGDH-B may therefore be an 



ideal electrochemical DNA detection system. However, 
the high operational temperature usually employed for 
the selective annealing process would inactivate the 
enzyme probe. We therefore, investigated the possibil- 
ity of using our engineered PQQGDH-B as a probe 
enzyme in DNA sensing. 

We first constructed a novel amperometric DNA 
sensor employing wild-type PQQGDH-B conjugated 
with avidin for labeling of the hybridization product. 
Since DNA can be easily labeled with biotin, we chose to 
detect DNA hybridization via biotin avidin binding. An 
oligonucleotide was then immobilized on a carbon paste 
electrode and its hybridization with the biotinylated 
target oligonucleotide was detected. The electric current 
is generated from glucose oxidization catalyzed by 
PQQGDH-B via m-PMS electron mediator (Fig. 6A). 
The sensor response increased with the addition of 
glucose and the response increased with increasing DNA 
[67]. Since our sensor showed a highly sensitive and se- 
lective response to the target DNA, a broad range of 
applications to many types of samples are expected. For 
rapid and simple DNA detection, a thermostable engi- 
neered PQQGDH-B was preferred. The engineered 
Ser415Cys PQQGDH-B [42] enables the operation of 
PQQGDH-B based DNA sensors at the higher hybrid- 
ization temperatures, consequently reducing the opera- 
tional steps and increasing the accuracy of DNA 
detection. We prepared Ser415Cys PQQGDH-B-avidin 
conjugate by using glutaraldehyde to label probe DNA 
via biotin (Fig. 6B). To fabricate the sensor, an ohgo- 
nucleotide was immobilized on an Au electrode and its 
hybridization with the probe DNA was detected by 
measuring the electric current generated by Ser415Cys 
PQQGDH-B with the addition of glucose. The sensor 
response dependence on glucose and DNA concentra- 
tions was investigated and the detection of asymmetric 
PGR product was also performed. Ser415Cys 
PQQGDH-B-labeled probe DNA was hybridized with 
the immobilized DNA at 60 °C for lOmin and then the 
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resulting electric current generated from Ser415Cys 
PQQGDH-B by glucose addition was measured [68]. 
This sensor was able to distinguish 4.0 nM target DNA 
from control DNA and showed good selectivity, dis- 
tinguishing a 3-base difference. It can also selectively 
detect approximately 4 nM of asymmetric PCR product 
by the sandwich method. This sensor system can be 
appHed to the detection of single nucleotide polymor- 
phisms (SNP) in the same manner as reported by Pa- 
tolsky et al. [69]. It therefore has a broad range of 
potential applications with various types of samples. 



electron transfer-type glucose sensor. To the future, 
combining the engineered PQQGDH-B with the appH- 
cation of cytochromes instead of artificial electron me- 
diator, we will construct and develop the ideal glucose 
sensor and other applications. 
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Summary 

PQQGDHs are the most industrially attractive en- 
zymes especially PQQGDH-B employing glucose sen- 
sors are already in the market. To develop an ideal 
glucose sensor enzyme, therefore we have constructed 
and characterized several engineered PQQGDH-Bs. Our 
recent advances in protein engineering indicate that 
Glu277Lys, Asn452Thr, Aspl67Glu, Aspl67Glu/ 
Asn452Thr, and Ser415Cys may be the most versatile 
and ideal for glucose sensors. Moreover, our recent re- 
sults will be the guide in engineering of PQQGDH-B. 
They will give effective information about unknown 
properties on PQQGDH-B such as reaction mechanism, 
substrate inhibition system, and negative cooperativity. 

Of equal importance, the application of the thermo- 
stable PQQGDH-B is not limited to the development of 
continuous glucose monitoring system, biofuel cell, and 
DNA sensors. In addition, co-immobilizing electron 
transfer protein such as cytochrome c and cytochrome 
^562, we have developed the sensor system that showed 
30-fold greater response. Furthermore, mimicking the 
domain structure of QH-EDH, we constructed fusion 
protein, QH-GDH, allowing the construction of a direct 
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